Coilin is a marker protein for the Cajal body, a subnuclear domain acting as a site for assembly and maturation of nuclear RNA-protein complexes. Using a yeast two-hybrid screen to identify coilin-interacting proteins, we have identified hCINAP (human coilin interacting nuclear ATPase protein), a nuclear factor of 172 amino acids with a P-loop nucleotide binding motif and ATPase activity. The hCINAP protein sequence is highly conserved across its full-length from human to plants and yeast and is ubiquitously expressed in all human tissues and cell lines tested. The yeast orthologue of CINAP is a single copy, essential gene. Tagged hCINAP is present in complexes containing coilin in mammalian cells and recombinant, Escherichia coli expressed hCINAP binds directly to coilin in vitro. The 214 carboxyl-terminal residues of coilin appear essential for the interaction with hCINAP. Both immunofluorescence and fluorescent protein tagging show that hCINAP is specifically nuclear and distributed in a widespread, diffuse nucleoplasmic pattern, excluding nucleoli, with some concentration also in Cajal bodies. Overexpression of hCINAP in HeLa cells results in a decrease in the average number of Cajal bodies per nucleus, consistent with it affecting either the stability of Cajal bodies and/or their rate of assembly. The hCINAP mRNA is an alternatively spliced transcript from the TAF9 locus, which encodes the basal transcription factor subunit TAFIID 32 . However, hCINAP and TAFIID 32 mRNAs are translated from different ATG codons and use distinct reading frames, resulting in them having no identity in their respective protein sequences.
They are thought to be centers for the maturation of these nuclear RNA-protein complexes that are en route to their sites of function in the nucleoplasm and nucleolus, respectively (for review see Ref. 1) . Although Cajal bodies do not contain DNA, they have been shown to associate specifically with certain gene loci, including the histone and U snRNA gene clusters (2) (3) (4) . In the case of the U2 genes, studies on stable cell lines containing arrays of exogenous U2 genes showed that Cajal body association was dependent on the expression of the U2 snRNA transcripts, rather than on the presence of specific DNA sequences in the U2 genes (2) . It is possible that Cajal bodies can regulate gene expression from certain loci and/or deliver RNA processing factors or other components required for efficient expression at these sites.
Coilin is a human autoantigen that is widely used as a marker protein for Cajal bodies. It is a specifically nuclear protein that is modified by both serine phosphorylation and symmetrical dimethylation of arginine. Coilin shows a diffuse nucleoplasmic distribution but also concentrates within Cajal bodies, appearing as one or more bright nuclear foci when analyzed by immunofluorescence. Analysis of a mouse knock-out of coilin has revealed that coilin Ϫ/Ϫ cells are viable in culture, although animals lacking coilin show a decrease in embryonic viability, as judged by the reduced ratios of coilin Ϫ/Ϫ mice recovered in litters (5) . The coilin Ϫ/Ϫ cells lack normal Cajal bodies but instead have microbodies containing a subset of the usual Cajal body components. Deletion mutants of coilin can disrupt endogenous Cajal bodies when transiently expressed in mammalian cells (6, 7) . Coilin is a self-interacting protein, dependent upon sequences in the first 92 amino-terminal residues (8) . These data indicate that coilin is likely to play a functional role in the formation of wild type Cajal bodies.
Several proteins have been shown to bind directly to coilin, including the survival of motor neurons (SMN) protein (7), the nucleolar shuttling factor NOPP140 (9) , and the ␣ importins (10) , which are adaptors involved in nuclear import. In the case of the SMN protein, its binding to coilin is dependent on the presence in coilin of symmetrical dimethyl arginine residues, a modification shared with the Sm family of snRNP proteins, which also localize in Cajal bodies (11) . In the case of NOPP140, it has been shown that deletion mutants removing the amino-terminal portion of NOPP140, which no longer bind to coilin, have a dominant negative effect on Cajal body formation when exogenously expressed in mammalian cells (9) . These data support the important role of coilin in Cajal body formation and further indicate that the mechanisms involved likely require the interaction of coilin with other partner proteins.
To search for novel interaction partners for coilin we have conducted a yeast two-hybrid screen using coilin as the bait. Here we report the molecular characterization of hCINAP, a highly conserved nuclear protein that we show binds directly to coilin.
MATERIALS AND METHODS
Cell Line-HeLa cells were cultured in Dulbecco's modified Eagle's medium containing 10% fetal calf serum (BD Biosciences), 2 mM glutamine, penicillin/streptomycin and maintained at 37°C in 5% CO 2 .
Antibodies-Rabbit polyclonal antibodies to full-length, His 6 -tagged hCINAP were generated at the EMBL animal facility, and by Diagnostics Scotland (Edinburgh, UK). A second rabbit polyclonal antibody, to synthetic peptide DQILKWIEQWIKDHNS, corresponding to amino acid residues 157-175 in hCINAP, was also generated at the EMBL facility. For both antibodies, the specificity of the antiserum from the third bleed was characterized by Western blotting (Fig. 4 , and data not shown) and these batches were used for the experiments described here (1:400 dilution for Western blotting and immunofluorescence with the anti-recombinant protein antibody, 1:400 for blotting and 1:200 for immunofluorescence with the anti-peptide antibody).
The following primary antibodies were used: rabit anti-coilin 204/5 (6), mouse anti-coilin monoclonal antibody (mAb) ␦4 (12), rabit anti-U1A 856 (13) , rabbit anti-fibrillarin Fib42, rabbit anti-SMN (Santa Cruz Biotechnology), mouse anti-Sm mAb Y12, rabbit anti-Sp100 (Chemicon), and mouse mAb 9E10 (anti-myc) (14) .
The following secondary antibodies were used (Dianova, Hamburg, Germany): fluorescein isothiocyanate-conjugated, donkey anti-mouse IgG, Texas Red-conjugated, goat anti-mouse IgGϩM, fluorescein isothiocyanate-conjugated, donkey anti-rabbit IgG, and rhodamine-conjugated, donkey anti-rabbit IgG.
Oligonucleotides-The following oligonucleotides were used in polymerase chain reaction (PCR) amplifications: oligonucleotide 1, 5Ј-cggaattcatgttgcttccgaacatcctg-3Ј; oligonucleotide 2, 5Ј-ccagactccatgatatccgatgatc-3Ј; oligonucleotide 3, 5Ј-accgtcgacttaagtagctagccttataag-3Ј; oligonucleotide 4, 5Ј-acattcagcaaggctagattacag-3Ј; oligonucleotide 5, 5Ј-acaccaaagtgtcccttac-3Ј; oligonucleotide 6, 5Ј-taatgtgggtgatttagctcgagaag-3Ј; oligonucleotide 7, 5Ј-cttcattgacctcaactacatggt-3Ј; and oligonucleotide 8, 5Ј-tcatggatgaccttggccaggg-3Ј.
Two-hybrid System Analysis-Vectors and yeast strains for the twohybrid analysis were used as described by Brent and coworkers (15) , and ␤-galactosidase assays were performed as reported (16, 17) . A HeLa cDNA library was used to generate the activation domain fusion constructs. Interacting clones were identified as described (10) . For mapping the CINAP interaction domain on coilin, deletion constructs of coilin (as shown in Fig. 7) were subcloned either as restriction-or PCRamplified fragments in yeast vector pGBKT7 or vector pACT2 for construct C1. They were each tested for interaction by co-transformation in yeast strain AH109 with full-length hCINAP in yeast vector pACT2 (or in pGBKT7 for testing with C1), followed by screening of reporter gene expression on appropriate selective media. First, transformants were selected with double selection on media lacking leucine and tryptophan and then transferred to quadruple selection on media also lacking adenine and histidine. Clones that were viable on quadruple selection were subjected to colony ␤-galactosidase assay for confirmation of the interaction. For independent confirmation of the interaction, coilin constructs were in vitro transcribed and translated in the presence of [ 35 S]methionine and incubated either with lysate from bacteria expressing glutathione S-transferase (GST)-tagged full-length CINAP after induction with 1 mM IPTG or without induction as negative control. Proteins interacting with GST-CINAP were recovered by glutathioneagarose pull-down and subjected to SDS-PAGE, followed by autoradiography to detect coilin fragments.
RT-PCR, Semiquantitative RT-PCR for the TAF9 Locus Transcripts, and PCR on Genomic DNA-cDNA was synthesized from 1 g of purified human placenta poly(A) ϩ RNA (Clontech) and served as a template for the amplification of the complete ORF of hCINAP with oligonucleotides 1 and 3. The amplified product was digested with EcoRI/SalI, cloned into Bluescript, and sequenced.
For semiquantitative RT-PCR, poly(A) ϩ RNA was extracted from human tissues or human cell lines with the Oligotex mRNA mini kit (Qiagen), according to the manufacturer's instructions. To evaluate the efficacy of RT-PCR conditions with the various tissues, and compare the hybridization efficiency of the two sets of oligonucleotides used for the experiments shown in Fig. 3 (B and E) (one set specific for the hCINAP transcript and two sets specific for the TAFIID 32 transcript), control reactions with plasmid DNA were performed. Reactions were carried out in parallel with identical conditions, using 20 ng of plasmid as template with either TAFIID 32 -or hCINAP-specific oligonucleotides of the same concentration at 18, 23, and 28 cycles. The results indicated that, in the linear range of the reaction (achieved between 18 and 23 cycles), the concentration of two types of products is comparable (supplementary Fig. S2 ). Semiquantitative RT-PCR was therefore subsequently performed with the same PCR conditions (except for the increased number of cycles that were necessary to detect the amplified product from cDNA samples). Control reactions using glyceraldehyde-3-phosphate dehydrogenase-specific oligonucleotides were run in parallel as internal standards.
For the amplification of human genomic sequences, purified high molecular weight human genomic DNA (Roche Applied Science) was used as a template and PCR reactions, with a variety of oligonucleotides (see "Oligonucleotides") were carried out with the Expand Long Template PCR System (Roche Applied Science), following the exact reaction and amplification instructions of the manufacturer. PCR products were directly cloned into vector pCR2.1, using the Original T/A cloning kit (Invitrogen). DNA sequencing was performed by the EMBL sequencing service.
Construction of Bacterial Expression and Mammalian Transfection Vectors-The bacterial expression vector pRSET B -hCINAP was constructed by an in-frame EcoRI/SalI insertion of hCINAP, excised from Bluescript (see previous section) to vector pRSET B (Invitrogen). This created a 5Ј His 6 -tagged version of hCINAP. The same hCINAP insert was also ligated to expression vector pGEX-4T-1 (Amersham Biosciences) to generate GST-tagged hCINAP. To create YFP-hCINAP, we made a vector fragment derived from pEYFP-C1 (BD biosciences) by digestion with BglII and HindIII. An insert fragment containing hCI-NAP was derived from pRSET B -hCINAP by digestion with BglII and HindIII.
Bacterial Expression and Purification of His 6 -hCINAP-Competent BL21-pLysS strain of E. coli was transformed with pRSET B hCINAP. Large cultures were induced with 1 mM IPTG during exponential growth in LB at 37°C and harvested 3 h post-induction. The bacterial pellet was resuspended in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, pH 8.0, 10% glycerol, 5 mM ␤-mercaptoethanol, 0.5% Triton X-100, 10 mM imidazole, and 1 tablet/50 ml of Complete protease inhibitor (Roche Applied Science), mechanically lysed with a French press and centrifuged at 13,000 rpm for 15 min at 4°C. The insoluble pellet was resuspended in buffer B (as per lysis buffer but with 100 mM NaH 2 PO 4 instead of NaCl), containing 6 M guanidinium HCl, and the recombinant protein was purified over a nickel-nitrilotriacetic acid column (Qiagen) under denaturing conditions, according to the manufacturer's instructions. For animal immunization, the purified protein was dialyzed extensively against PBS.
The same construct was used for the production of soluble protein, suitable for enzyme kinetic experiments, with culture growth at 30°C for 5 h after induction with 0.5 mM IPTG. This resulted in the production of 30 -40 mg of soluble His 6 -hCINAP/liter. The recombinant protein was affinity purified over a nickel-nitrilotriacetic acid column, followed by gel filtration through a Superdex-200 column (Amersham Biosciences), equilibrated in 25 mM Hepes, pH 7.5, 0.3 M NaCl, 2 mM MgCl 2 , and 5 mM ␤-mercaptoethanol, and desalted by dialysis. It was stored at Ϫ20°C in a buffer containing 12.5 mM Hepes, pH 7.5, 12.5 mM KCl, 1 mM MgCl 2 , 2.5 mM ␤-mercaptoethanol, and 50% glycerol for use in ATPase assays.
ATPase Assays with His 6 -hCINAP-The ATP hydrolysis activity of hCINAP was measured by an assay in which ADP production is coupled to the ␤-NADH oxidation by pyruvate kinase and L-lactic dehydrogenase (18) . The rate of ␤-NADH disappearance was monitored at 340 nm, and all enzymatic reactions were performed at 30°C. The final assay mixture was 75 mM Tris-HCl, pH 8.0, 65 mM KCl, 0.2 mM ␤-NADH, 1 mM phenyl enol pyruvate, 5 mM MgCl 2 , 1 mM dithiothreitol, 20 units/ml pyruvate kinase (Sigma), 20 units/ml L-lactic dehydrogenase (Sigma), 3 g/ml CINAP, and 0.05-1 mM ATP. Control samples, containing reaction mixture without CINAP, were used to subtract background ATP hydrolysis, mainly due to the activity of pyruvate kinase. Kinetic data were analyzed with the use of the nonlinear regression program GraFit. Calculations of molarity were based on a molar extinction coefficient of 6220 M Ϫ1 cm Ϫ1 for ␤-NADH at 340 nm. In Vitro Co-selection Experiments-Plasmid pGEX-4T-1 (Amersham Biosciences) was used for expression of hCINAP as a GST fusion protein and pET32aϩ (Novagen) was used for expression of p80-coilin as a His 6 and thioredoxin fusion. Bacterial expression was carried out as described in the previous section with culture growth at 25°C. Twomilliliter aliquots of bacterial cultures were collected 3 h post-induction, bacterial pellets were resuspended in 200 l of binding buffer (PBS, containing 1% (v/v) Tween 20 and 1 tablet/50 ml Complete protease inhibitor, Roche Applied Science) and lysed by brief sonication. After clarification of bacterial lysates (13,000 rpm at 4°C for 15 min), GSThCINAP, and His 6 -coilin were mixed in the presence of 0, 1, 2, and 3 mM ATP, respectively, and incubated for 30 min at room temperature with constant agitation. An equal volume of pre-equilibrated glutathioneSepharose 4B beads (Amersham Biosciences) were then added into each protein mix, and the solution was incubated with gentle agitation at room temperature for 30 min. The beads with bound complexes were collected by centrifugation at 500 rpm for 5 min. The supernatant (unbound fraction) was saved for analysis. Beads were washed with ice-cold binding buffer, resuspended in SDS sample buffer, and analyzed, together with the unbound fractions, by SDS-PAGE, and Western blotting.
In Vivo Co-immunoprecipitation Experiments-HeLa cells were transiently transfected with the pEYFP-hCINAP construct (details below) using Effectene (Qiagen) according to the manufacturer's instructions. One microgram of plasmid DNA was used per 10-cm dish, 18 h after transfection the dishes were rinsed 2ϫ with warm PBS, and cells were lysed with 0.5 ml/dish Lysis Buffer (50 mM Tris HCl, pH 7.5, 0.5 M NaCl, 1% v/v Nonidet P-40, 1% w/v deoxycholic acid, 0.1% w/v SDS, 2 mM EDTA, and 1 tablet/10 ml protease inhibitor Complete, Roche Applied Science). The cell lysate was scraped into a 1.5-ml Eppendorf tube, and the DNA was sheared to reduce the viscosity by processing with a QIAshredder (Qiagen) according to the manufacturer's instructions. The lysate was precleared by incubating with protein G-Sepharose for 1 h at 4°C. After brief centrifugation to remove the protein G-Sepharose, the precleared extract was transferred to a new tube, and then 1 l of anti-green fluorescent protein monoclonal antibody (Roche Applied Science) was added. Incubation at 4°C for 1 h allowed formation of immune complexes, which were subsequently recovered by adding protein G-Sepharose and rotating overnight at 4°C. Protein G-Sepharose beads containing the immune complexes were separated from the supernatant by centrifugation and washed. Finally, proteins in both the supernatant and pellet fraction were denatured with SDS sample buffer and separated by SDS-PAGE. After transfer to nitrocellulose, the blot was probed with an antibody against coilin followed by incubation with a second anti-rabbit antibody coupled to HRP (Pierce, 1:5000).
Standard Molecular Biology and Protein Analysis Techniques-All molecular biology techniques (cDNA library screening, plasmid purifications, restriction digests, ligations, blue/white bacterial colony selection, Northern blotting, and others) were performed according to standard procedures (19) .
SDS-PAGE on a mini-gel system (Protean, Bio-Rad) or using gradient "Novex" gels from Invitrogen was essentially as described (20) . Western blotting was carried out using standard techniques and visualized by the enhanced chemiluminescence system, ECL-Plus (Amersham Biosciences). HeLa nuclear extracts were obtained commercially from the Computer Cell Culture Center (Mons, Belgium)
Transient Transfections of Tagged hCINAP in HeLa Cell Line-Exponentially growing HeLa cultures were harvested and replated onto coverslips in 60-mm diameter dishes, 24 h prior to transfection. Transfections were carried out with the DOTAP reagent (Roche Applied Science) or with Effectene (Qiagen), according to the manufacturer's instructions in each case or with calcium phosphate precipitation (lamondlab.com/f6protocols.htm). Coverslips were retrieved for immunofluorescence 16 -20 h after removal of the transfection medium.
Immunolabeling of Cultured Cells-For hCINAP immunofluorescence, using the antiserum to hCINAP recombinant protein or the antipeptide antiserum, cells grown on glass coverslips were fixed with 3.7% paraformaldehyde in PHEM buffer (30 mM Hepes, 65 mM Pipes, pH 6.9, 10 mM EGTA, and 2 mM MgCl 2 ) for 10 min and permeabilized for 15 min with 0.2% SDS in the same buffer. Transfected cells were fixed with 3.7% paraformaldehyde in PHEM buffer for 10 min. They were quenched with 50 mM NH 4 Cl in PBS for 10 min, permeabilized for 10 min with 0.5% Triton X-100 in PHEM buffer, and blocked with 2% BSA, 2% fetal calf serum, 0.2% fish skin gelatin in PBS ("blocking mix") for 30 min.
Cells were incubated with primary antibodies, in PBS containing 5% blocking mix, for 1 h at room temperature. For double labeling, incubation was carried out sequentially for each of the primary antibodies and secondary antibodies were applied as a mixture. Coverslips were mounted with Mowiol (Merck, Germany), containing 100 mg/ml DABCO (Sigma, Germany) as an anti-fading agent.
Confocal and Epifluorescence Microscopy-Immunofluorescent preparations were analyzed on the EMBL Compact Confocal Microscope (21) or a Zeiss Axiophot light microscope. Excitation wavelengths of 476 nm (for fluorescein isothiocyanate-coupled antibodies) or 594 nm (Texas Red-coupled antibodies) were selected.
Some images presented in Figs. 5 and 8A were recorded on a Zeiss Axiovert S100 2TV DeltaVision Restoration microscope (Applied Precision) using either a Zeiss Plan-apochromat (100ϫ, 1.40 numerical aperture objective) or a Zeiss Plan-neofluar (40ϫ, 1.30 numerical aperture objective) and a CCD-1300-Y/HS camera (Roper Scientific). Images were captured and processed by constrained iterative deconvolution using SoftWorx (Applied Precision) and prepared as illustrations using Adobe Photoshop. Two-dimensional images presented here are FIGURE 1. A, identification of hCINAP, a protein that interacts specifically with p80-coilin in the yeast two-hybrid assay. Two-hybrid interactions between LexA-p80 coilin (lanes 1 and 3) and either a hCINAP-B42 hybrid protein (lane 1) or the B42 transcriptional activation domain alone (lane 3) were analyzed by liquid ␤-galactosidase assays. As a negative control, the interaction between the hCINAP-B42 hybrid and the unrelated LexA-bcd fusion protein was included (lane 2). For each experiment, the ␤-galactosidase activity was determined two times from individual cultures, and ␤-galactosidase units were calculated as described under "Materials and Methods." B, cloning by RT-PCR and sequencing of hCINAP from human placenta: 1, /HindIII MW markers; 2, amplified product from human placenta cDNA using oligonucleotides 1 and 3; 3, identical reaction with no cDNA template; 4, identical reaction with 15 ng of pR SETB -hCINAP HeLa as template. The sequence derived from the cloned product in lane 2 was identical to the sequence from the HeLa cDNA library in lane 4. C, alignment of CINAP protein from different organisms. Sequences were aligned using ClustalX and are represented by the single letter amino acid code. Sequences from human (H. sapiens, accession numbers AJ878880 and AJ878881), nematode (C. elegans, NP496065), fruit fly (D. melanogaster, NP610797), thale cress (A. thaliana, BAB10972), and baker's yeast (S. cerevisiae, AAS56894) are presented. Boxed residues are identical among these five sequences, residues in bold represent conservative amino acid substitutions, and the shaded sequence represents a conserved domain found in many ATP/GTP binding proteins (P-loop motif).
maximal intensity projections of three-dimensional volumes along the optical axis.
RESULTS
To identify novel coilin interacting proteins, a yeast two-hybrid screen was performed with a HeLa cDNA library, using human coilin as the bait. Two million colonies were screened and ninety positive clones identified, as previously described (10, 22) . Among the ninety positive clones four overlapping cDNAs, encoding the same open reading frame, were isolated. An apparently full-length cDNA clone encoding this protein was used to quantify its interaction with coilin using a liquid ␤-galactosidase yeast two-hybrid assay (Fig. 1A ). This showed a strong interaction of the hCINAP protein with coilin relative to the negative controls.
To ensure that the positive clones from the HeLa library encode a bona fide human protein, the transcript was amplified by PCR from human placental cDNA (Fig. 1B) . This yielded a cDNA amplification product of identical size to the HeLa cDNA clone (Fig. 1B, compare  lanes 2 and 4) . DNA sequence analysis showed that both the original HeLa and the placental cDNA clones were identical. The sequences were deposited in the GenBank TM /EBI data base as accession numbers AJ878880 and AJ878881. We have termed the resulting gene product hCINAP (human coilin interacting nuclear ATPase protein), which is a 172-amino acid protein of molecular mass 20,048 Da. Fig. 1C shows the full protein sequence of hCINAP aligned with putative orthologues from other species spanning the major eukaryotic divide, including plants, flies, worms, and yeast. This shows that hCINAP is highly conserved from human to yeast across its entire length. Thus there is a 22% identity and ϳ46% overall similarity in amino acid sequence conserved between all orthologues in human, fly, nematode, plants, and yeast. A direct comparison of the human and Saccharomyces cerevisiae CINAP protein sequences shows that they are 41% identical and ϳ62% similar. The hCINAP gene is apparently unique and includes a consensus nucleotide (ATP or GTP) binding motif (GX 4 GKT). Sequence comparison shows that hCINAP is not highly homologous to any other known proteins. It does however contain an amino-terminal P-loop motif characteristic of ATP/GTP binding proteins. This consensus motif is strictly conserved in all CINAP orthologues examined and is similar to the adenylate kinase motif found in members of the adenylate kinase family. This similarity with adenylate kinase and in particular the conservation in the P-loop region, suggests that hCINAP likely binds ATP rather than GTP. Consistent with this prediction, we found that recombinant hCI-NAP shows ATP hydrolysis activity. A kinetic analysis of ATP hydrolysis with recombinant hCINAP was performed (Fig. 2) . The K m value for ATP was calculated to be 75.3 Ϯ 5 M, whereas the V max value was 1.27 Ϯ 0.2 mol of ADP formed⅐min Ϫ1 ⅐mg Ϫ1 (Fig. 2) . These results showed that hCINAP exhibits a significant ATPase activity and an apparent high affinity for ATP as a substrate.
The high primary sequence conservation of hCINAP, extending over the length of the protein, strongly suggests that it is functionally important. To test this we knocked out the corresponding orthologue of hCI-NAP in the budding yeast, S. cerevisiae and observed that it is essential (data not shown). This essential phenotype has also been independently described (23) . These workers isolated the budding yeast hCINAP orthologue, which they termed Fap7p, as a factor required for transcriptional regulation of yeast genes upon oxidative stress. Based on its interaction with human coilin in the yeast two-hybrid assay, its essential phenotype in yeast, and its high sequence conservation, we therefore selected hCINAP for further analysis.
During our characterization of hCINAP, we noticed that the first 141 nucleotides of hCINAP mRNA, which encode the first 41 amino acids of hCINAP protein, were identical with the 5Ј-untranslated region of another human mRNA encoding subunit 9 of the transcription factor TAFIID (TAFIID 32 (24) ). However, despite this common nucleotide sequence, hCINAP does not share any amino acid similarity with TAFIID 32 . This observation prompted us to investigate the genomic organization of hCINAP.
Examination of the Ensembl data base (www.ensembl.org) showed that the sequences of both the hCINAP and TAFIID 32 transcripts arise from map position 68.7 Mb on chromosome 5 (annotated as the TAF9 locus, Ensembl Gene ID ENSG00000085231). The hCINAP and TAFIID 32 mRNAs are generated as alternatively spliced transcripts that share exons 1 and 2, but diverge downstream of the XhoI site at nucleotide 141 (Fig. 3A) . Translation of hCINAP initiates at the first ATG codon in the shared 5Ј-terminal region of the mRNA. In contrast, initiation of TAFIID 32 starts at an internal ATG, which is located 18 nucle- otides downstream of the shared 141 nucleotide 5Ј sequence and is therefore unique to TAFIID 32 (Fig. 3A , open triangles indicate translation start sites). Although the TAFIID 32 mRNA also has the same upstream ATG used by hCINAP, the downstream ATG actually used to initiate translation of TAFIID 32 is in a different reading frame. Thus, it appears that, at the TAF9 locus on chromosome 5, alternative splicing results in two transcripts that encode proteins with zero shared amino acid sequence, despite the common 5Ј region of the mRNA. This was a sufficiently unusual situation that we decided to verify the genomic organization and transcription pattern at the TAF9 locus directly by PCR analysis and DNA sequencing using human genomic DNA (supplementary Fig. S1 ). The data obtained were fully consistent with the transcript structures reported in the Ensembl annotation, although we also detected multiple apparent pseudogenes dispersed on different chromosomes (data not shown), again consistent with Ensembl annotations. Parallel RT-PCR data using probes either specific for hCINAP, or TAFIID 32 ORF sequences, identified two cDNAs of the sizes expected for hCINAP and TAFIID 32 (Fig. 3B) . A combination of Northern blotting and semiquantitative RT-PCR analyses showed that both transcripts were expressed in all tissues and cell lines tested (Fig. 3,   FIGURE 4 . Recombinant and native expression and affinity purification of hCINAP. A, SDS-PAGE showing production of His 6 -tagged hCINAP (arrow) in E. coli upon induction with IPTG: 1, total lysate from uninduced culture; 2, total culture lysate 3 h post-induction; 3, corresponding supernatant, following high speed centrifugation of lysate; 4, corresponding insoluble pellet. B, purification of His 6 -tagged recombinant hCINAP on a Ni 2ϩ -agarose column (1) total culture lysate with overexpressed recombinant hCINAP; (2) flowthrough fraction; (3) one of the eluted serial fractions (peak) containing purified hCINAP (arrow). Peak fractions were combined, dialyzed against PBS and used for rabbit immunization. C, Western blotting probed with hCINAP anti-peptide antiserum, showing: a total bacterial lysate from an uninduced culture (1) and a total bacterial lysate from an induced culture (2) . D, detection of endogenous hCINAP, and YFP-hCINAP by Western blot. Whole cell lysate from HeLa cells was separated by SDS-PAGE, transferred to nitrocellulose membrane, and probed with antibodies specific for hCI-NAP (lanes 3 and 4) , its cognate pre-immune serum (lanes 1 and 2) , or green fluorescent protein (lanes 5 and 6). The lysate in lanes 1, 3, and 5 was from control cells, whereas the lysate in lanes 2, 4, and 6 was derived from HeLa cells transiently transfected with pEYFP-hCINAP. Arrow indicates the exogenously expressed YFP-hCINAP and breakdown products, whereas the arrowhead indicates endogenous hCINAP.
(expected size 950 bp, EMBL accession number U21858) and hCINAP ORF (expected size 550 bp) utilizing a common upstream oligonucleotide (oligo 1, see "Materials and Methods") and downstream oligonucleotides 3 (specific for hCINAP) and 4 (specific for TAFIID 32 ) (lane a) and for comparison single amplification of hCINAP (lane b) and single amplification of TAFIID 32 
(lane c). C, Northern blot of HeLa poly(A)
ϩ RNA probed with a 3Ј, hCINAP-specific, probe (nucleotides 118 -550 of hCINAP transcript) reveals hybridization to a band below the 1.35-kb size marker (arrow), which is very likely to correspond to the hCINAP transcript. D, multitissue Northern blot using the whole of hCINAP cDNA as a probe, showing ubiquitous expression of hCINAP. E, semiquantitative RT-PCR with equivalent amounts of cDNA from different human tissues, using hCINAP-and TAFIID 32 -specific oligonucleotides (oligonucleotides 1 and 3 and oligonucleotides 1 and 2, respectively, see "Materials and Methods") to generate diagnostic full-length or partial cDNA products. Results indicate that the two cDNAs appear to be expressed in nearly equimolar concentrations in each tissue type but display a differential pattern of tissue-to-tissue expression. Control reactions using glyceraldehyde-3-phosphate dehydrogenase-specific oligonucleotides (oligonucleotides 7 and 8, see "Materials and Methods") were run in parallel and are shown in the bottom panel. PCR conditions and oligonucleotide hybridization were tested to ascertain that RT-PCR results for the two DNAs are comparable (data not shown but included in supplemental Fig. S2 ).
C-E).
Preliminary phylogenetic analysis (data not shown) reveals that this unusual gene arrangement for hCINAP and TAFIID 32 is conserved in mammals, including specifically chimp, rat, mouse, and dog. However, it is not conserved in other vertebrates examined, including fish and amphibians. Outside of mammals, protein orthologues of both CINAP and TAFIID 32 are conserved, but they are encoded at separate loci. We thus conclude that the hCINAP protein is genetically but not physically related to TAFIID 32 .
We next conducted a biochemical characterization of the hCINAP protein. First, recombinant hCINAP was expressed in Escherichia coli fused at the amino terminus to a hexahistidine tag (Fig. 4, lanes 1 and 2) . The E. coli-expressed protein was largely insoluble and co-fractionated with the bacterial pellet after cell lysis (lanes 3 and 4, arrow) . Due to its insolubility, recombinant hCINAP was affinity-purified over a nickelnitrilotriacetic acid-agarose column under denaturing conditions, and the resulting purified protein (Fig. 4B, lane 3, arrow) used for antibody production in rabbits (see "Materials and Methods"). Protein blotting analysis using the resulting polyclonal rabbit antiserum showed that it recognized specifically both recombinant hCINAP and endogenous hCINAP in HeLa cell extracts and similar results were obtained using an independent antibody raised against the synthetic peptide DQILK-WIEQWIKDHNS, corresponding to carboxyl-terminal amino acid residues 157-175 in hCINAP (Fig. 4, C and D, and other data not shown) . Both antibodies show that the endogenous HeLa hCINAP co-migrated with the bacterial recombinant protein, indicating that hCINAP is likely not extensively post-translationally modified (data not shown).
We next examined the cellular localization of hCINAP. An aminoterminal YFP fusion of hCINAP was constructed (see "Materials and Methods"), and the fusion protein transiently expressed following transfection into HeLa cells (Figs. 4 and 5) . Protein blotting analysis confirmed that the YFP-hCINAP, as well as endogenous hCINAP, were both recognized by the rabbit anti-hCINAP serum (Fig. 4D, lanes 3 and 4, arrows show YFP-hCINAP, arrowhead shows endogenous hCINAP), whereas an anti-fluorescent protein antiserum specifically recognized the fusion protein but not endogenous hCINAP (Fig. 4D, lanes 5 and 6) . Fluorescence microscopy analysis of cells transiently expressing YFPhCINAP showed that the fusion protein is specifically nuclear, with a widespread diffuse nucleoplasmic distribution, excluding nucleoli, and some additional concentration in nuclear bodies (Fig. 5, panel A1) . A similar widespread nucleoplasmic distribution for endogenous hCINAP was observed in untransfected HeLa cells using both the polyclonal antiserum to the full-length recombinant protein and the serum raised A, recombinant GST-hCINAP and His 6 -coilin were expressed in bacteria and probed for interaction in crude bacterial lysates, as described under "Materials and Methods." Complexes were immobilized on glutathione beads and analyzed by SDS-PAGE, followed by visualizing GST-hCINAP and His 6 -coilin with Coomassie Blue. The molecular mass of recombinant coilin (native form is 66 kDa), expressed from vector pET2ϩ, which bears in addition to the hexahistidine tag (0.66 kDa) a thioredoxin peptide (12 kDa), totals 78.66kDa. B, immunoblotting of an identical gel, using anti-coilin antiserum for the detection of coilin. Reactions were carried out either in the absence or presence of ATP (1-3 mM). The results show that coilin is detectable on the glutathione beads only in the presence of hCINAP and hCINAP-coilin interaction appears to be ATP-independent. Arrows point to the band corresponding to His 6 -coilin, and an arrowhead to the band corresponding to GST-hCINAP. C, detection of hCINAP-coilin interaction in vivo. HeLa extract from control cells (lanes 2 and 3) or cells transfected with YFP-hCINAP (lanes 4 and 5) was subjected to immunoprecipitation under native conditions using an anti-green fluorescent protein antibody to recover YFP-hCINAP and associated proteins. Bound (lanes 3 and 5) or unbound (lanes 2 and 4) fractions were separated by SDS-PAGE, transferred to nitrocellulose, and native coilin was detected by immunoblotting using a rabbit anti-coilin antibody. As a marker for coilin, 5 g of a nuclear extract prepared for in vitro splicing was also included on the gel (lane 1). The arrow indicates coilin band. Molecular weight markers are indicated.
FIGURE 7.
Mapping of the CINAP-interaction domain of coilin within the carboxyl-terminal 214 amino acid residues of coilin. A, yeast strain AH109 was simultaneously transformed with one of the six coilin bait constructs shown in conjunction with full-length hCINAP. Interaction was defined as the ability of Ͼ95% of resulting clones, containing both bait and prey constructs, to grow on quadruple selective media (-Leu, -Trp, -His, and -Ade) and to also display ␤-galactosidase activity upon filter assay. In addition to the interaction observed between full-length coilin and full-length CINAP (positive control), an additional positive result was obtained between coilin construct C1 and full-length CINAP. For validation of the later, negative controls included co-transformation of C1 and p53 (negative control 1) and of full-length CINAP and AD vector pACT2 (negative control 2), which failed the interaction tests. B, autoradiogram of in vitro translated coilin C1 fragment after SDS-PAGE, showing that the fragment interacts with GST-CINAP (lanes 4 and 5) . Importantly, the C1 fragment is absent from the pellet of the pull-down (lane 3) when it is incubated with bacterial lysate of an uninduced culture that only contains negligible background concentration of GST-CINAP. T, total in vitro transcribed product; S, supernatant; P, pellet. The combination of these data revealed that an essential CINAP interaction domain lies within the carboxyl-terminal 214 amino acid residues of coilin.
against the hCINAP peptide (Fig. 5, panels B1 and C1) . The specific nuclear localization of hCINAP was further supported by the detection of the endogenous protein in HeLa nuclear extract by immunoblotting (data not shown). As we observed in some cells additional concentration of hCINAP in nuclear bodies, we performed double-labeling immunofluorescence experiments to identify these subnuclear structures (Fig. 5 , panels A2-C2 and A3-C3). The nuclear bodies containing hCINAP co-localized with anti-coilin antibodies, indicating that the structures are Cajal bodies. This is consistent with the original observation that hCINAP interacts with coilin in the yeast two-hybrid assay.
We next tested whether hCINAP and coilin interact directly using purified, tagged recombinant proteins (Fig. 6) . A GST-tagged form of hCINAP was constructed, expressed in E. coli, and incubated together with E. coli-expressed hexahistidine-tagged coilin for 30 min at room temperature in the presence of 0 -3 mM ATP (Fig. 6, A and B) . Following incubation, the proteins were mixed with glutathione-Sepharose beads, the beads were collected by centrifugation, washed, and bound and unbound fractions were separated by SDS-PAGE (Fig. 6A) and then transferred to nitrocellulose and probed with an anti-coilin antibody (Fig. 6B ). This shows that His 6 -coilin was recovered in the pellet fraction only when incubated in the presence of GST-hCINAP, consistent with a direct interaction between the two proteins (Fig. 6, A and B, compare lanes 1-4 with the negative control in lanes 5 and 6, arrows indicate His 6 -coilin). In the negative control lacking GST-hCINAP, all of the His 6 -coilin was recovered in the supernatant fraction (lanes 7 and 8) . Although hCINAP contains a predicted ATP-binding domain and exhibits ATPase activity, no major change in the level of coilin bound to hCINAP was observed using the concentrations of ATP tested. We conclude that ATP does not inhibit binding between hCINAP and coilin and that it is either not strictly required for binding, or it stimulates binding at very low concentrations. To confirm that interaction between hCINAP and coilin occurs also in mammalian cells, we tested for binding of endogenous coilin to YFP-tagged hCINAP in transiently transfected HeLa cells (Fig. 6C) . Using a co-immunoprecipitation assay with anti-fluorescent protein antibodies, we observe that coilin is recovered in the antibody-bound fraction only in the presence of YFP-hCI-NAP (compare lanes 3 and 5, arrow shows endogenous coilin). Taken together, the data indicate strongly that hCINAP is a bona fide interaction partner for coilin.
To test whether the hCINAP-coilin complexes in vivo contain any other known coilin-interacting proteins or components of Cajal bodies or other nuclear antigens, we repeated these immunoprecipitation assays and screened the antibody-bound fractions with antibodies against the U1A snRNP protein, fibrillarin, SMN, Sm, and Sp100 proteins. In contrast with coilin, none of these factors were co-immunoprecipitated with CINAP (data not shown). From these results we infer that the CINAP-coilin interaction is specific and does not involve the other Cajal body proteins tested. To localize the domain of coilin sufficient for interaction with hCINAP we constructed a series of progressively truncated fragments of coilin and assayed for their interaction with fulllength hCINAP by the yeast two hybrid assay (Fig. 7) . In addition to the combination of full-length coilin and hCINAP only the combination of full-length hCINAP and a construct of coilin containing its 214 carboxyl-terminal amino acids (residues 362-576, construct C1) was able to grow on quadruple selection medium and also displayed ␤-galactosidase activity (Fig. 7A ). This result indicated interaction between hCINAP and the carboxyl-terminal coilin fragment that resulted in the activation of the three independent reporter genes (auxotrophy to adenine and histidine and ␤-galactosidase activity). The interaction was independently confirmed by in vitro translating the C1 coilin fragment in the presence of [
35 S]methionine, and testing whether it could be recovered with glutathione-agarose beads after incubation with a lysate made from bacteria expressing GST-tagged CINAP (Fig. 7B, lanes 4 and 5) . As a negative control, bacterial lysate carrying the GST-CINAP plasmid, but not induced to express GST-CINAP (Fig. 7B, lanes 2 and 3) was also incubated with the in vitro translated coilin fragment. As shown, the C1 fragment is recovered in the pellet of the glutathione agarose pull-down only in the presence of GST-CINAP and is absent from the pellet when GST-CINAP is not expressed. These results are consistent with and strengthen the results from yeast two-hybrid assay presented above.
Finally, having established the connection between hCINAP and coilin and mapped the CINAP interaction domain on coilin, we examined whether altering the expression level of hCINAP in vivo might have a corresponding effect on either coilin or Cajal bodies (Fig. 8) . HeLa cells were transiently transfected with plasmids encoding either full-length YFP-hCINAP or YFP alone and the number of Cajal bodies, as detected using an anti-coilin antibody, scored in more than 200 transfected and 200 non-transfected control cells. The transfected cells expressing YFPhCINAP were analyzed by direct fluorescence microscopy detection of the YFP (Fig. 8A) . These data show that there is an approximate 3-fold reduction in the average number of Cajal bodies per nucleus in the cells that are transiently expressing exogenous hCINAP (Fig. 8B) . To confirm this finding, a similar experiment was performed using a myc-tagged hCINAP construct, which also showed an approximate 3-fold reduction in the number of Cajal bodies per nucleus (supplementary Fig. S3 ). These data indicate that hCINAP expression levels can influence Cajal body number and suggest that hCINAP may have a functional role in modulating either the formation or stability of Cajal bodies.
DISCUSSION
Here we have identified a novel interaction partner for the Cajal body marker protein, coilin, using a yeast two-hybrid assay with coilin as the bait. The novel protein, termed hCINAP for human coilin interacting nuclear ATPase protein, is highly conserved across its full-length in all species examined, including yeast, plants, and invertebrates. In budding yeast, the orthologue of hCINAP, termed Fap7p (23), is essential for viability. hCINAP (whose nucleotide sequence had previously been reported in cDNA sequencing studies (25) (26) (27) ) is a predicted ATPbinding protein that is not highly homologous to any other known proteins, but the amino-terminal P-loop motif shows similarity to the adenylate kinase family consensus motif. A very recent study (28) reported the crystal structure of the same protein and proposed to designate it an adenylate kinase (AK6). It was assigned to a distinct subfamily due to its unusually broad substrate specificity and distinct structural features as compared with known human adenylate kinase classes AK1-5. Although in our view the assignment of hCINAP as a bona fide adenylate kinase remains to be validated, our present data confirm its status as an ATPase. We show here that recombinant hCINAP exhibits high apparent affinity ATPase activity (K m ϭ 75.3 Ϯ 5 M and V max ϭ 1.27 Ϯ 0.2 mol of ADP formed per min⅐mg).
Interestingly, hCINAP is expressed as an alternatively spliced transcript from the TAF9 locus on human chromosome 5 and shares the two 5Ј-terminal exons with the mRNA encoding TAFIID 32 , despite there being no common amino acid sequences in the hCINAP and TAFIID 32 proteins. Tagged hCINAP interacts with coilin in mammalian cells and recombinant, E. coli-expressed hCINAP, and coilin bind each other in vitro. hCINAP-coilin complexes in vivo do not contain other known coilin-interacting proteins or Cajal body components, including U1A, fibrillarin, SMN, Sm proteins, and Sp100. Hence the interaction seems to be distinct and independent of the other proteins tested. hCINAP appears to interact with the carboxyl terminus of coilin. It is interesting to note that earlier studies have shown that the carboxylterminal 96 amino acids of human coilin seem to be capable of downregulating the number of Cajal bodies per nucleus (29) . Furthermore, post-translational modifications such as phosphorylation and methylation at the carboxyl terminus of coilin influence Cajal body assembly (8, 11) . Here we report that the carboxyl terminus of coilin, which appears essential for hCINAP-coilin interaction, also appears to influence Cajal body formation and/or stability, because overexpression of hCINAP causes a reduction in the average number of Cajal bodies in the nucleus of HeLa cells. The combination of these findings suggests that carboxyl terminus of coilin is important for the regulation of Cajal body number in the nucleus of human cells both through its intrinsic properties (structure and/or post-translational modifications) and also through protein-protein interactions with other nuclear proteins (for example hCINAP).
The hCINAP protein shows the hallmarks of a bona fide coilin-interacting protein. This is evident in its biochemical properties, because it interacts with coilin in all of the binding assays we have tested and is also present in complexes containing coilin in vivo. Like coilin, it is also a specifically nuclear factor. hCINAP is present in a widespread, diffuse nucleoplasmic pool, excluding nucleoli, and shows some enrichment in Cajal bodies, although not in all cells. Coilin is a marker protein for Cajal bodies. However, although it is more obviously concentrated in Cajal bodies than is evident for hCINAP, previous studies have shown that it is still a minor fraction of the total pool of nuclear coilin that is located within Cajal bodies at any one time (30) . The majority of coilin is present instead in a diffuse nucleoplasmic pool that dynamically exchanges with the Cajal body fraction. It is possible that the hCINAP and coilin proteins interact therefore mainly in the diffuse nucleoplasmic compartment outside of Cajal bodies. The hCINAP protein was identified as a putative coilin interaction partner using a yeast two-hybrid screen with coilin as the bait. This same screen identified a number of other clones, of which the best characterized to date corresponded to cDNAs encoding nuclear import receptors of the importin ␣/karyopherin family (10, 22) . The interaction of these factors with coilin in vivo is physiologically significant, because they transport coilin into the nucleus. Nonetheless, the interaction of these import receptors with coilin is transient, and they do not colocalize with coilin in vivo. It remains to be established whether hCINAP is a stable or transient interaction partner for coilin, despite its ability to bind to coilin in vitro. One possibility that merits future investigation is that coilin could be a substrate for hCINAP. For example, the predicted ATP binding of hCINAP and its homology with the adenylate kinase motif suggests that it may have kinase activity, which is supported by our finding that hCINAP hydrolyzes ATP in vitro. Consistent with this idea, coilin is known to be a phosphoprotein in vivo. Alternatively, the binding of ATP to hCINAP might affect its conformation and regulate its participation in specific complexes and/or activity.
The primary amino acid sequence of hCINAP is highly conserved, and its orthologue in budding yeast shows 41% identity and ϳ62% similarity across its full length. As expected for such a highly conserved, single copy gene, knock-out of the gene in budding yeast is lethal, indicating that it has an essential and non-redundant function in the cell.
The lethal phenotype of the budding yeast CINAP orthologue has been reported previously in a study of the transcriptional control of genes regulated in response to oxidative stress (23) . The yeast POS9/SKN7 gene encodes a transcription factor that is required for the induction of genes activated upon oxidative stress. Juhnke et al. (23) conducted a screen for mutants in budding yeast that failed to activate a POS9-dependent reporter gene and thereby identified a gene they termed FAP7 (Factor activating Pos9p), which corresponds to the S. cerevisiae orthologue of hCINAP. They showed that Fap7/scCINAP, encoding a nuclear protein, is an essential gene in yeast and further showed that strains containing the mutant allele fap7-1, which is viable, fail to activate specifically oxidative stress-dependent genes, but not genes responding to other forms of stress. The fap7-1 allele results from a point mutation converting the conserved Gly-19 to Ser within the adenylate kinase-like P-loop motif. At present it is not clear by what mechanism Fap7p/ scCINAP influences POS9 function or whether the effect results from a direct or indirect interaction.
Considering the implication from the analysis of Fap7p in yeast that hCINAP may play a role in the transcriptional control of oxidative stress-regulated target genes, it is interesting that we find here that hCINAP is encoded as an alternative transcript from the TAF9 locus that also encodes a basal transcription factor subunit. The TFIID complex is a multisubunit general transcription factor comprising the TATA box-binding protein TBP and multiple TBP-associated factors, called TAFs (31) . It binds to the TATA box element and helps to recruit the TFIIB and TFIIF components of the transcription machinery, forming a protein-DNA complex (preinitiation complex) to which RNA polymerase II subsequently binds. The TAF9 locus on human chromosome 5 encodes a 32-kDa TAFIID subunit (TAFIID 32 ). We show here that the coilin-interacting protein hCINAP is encoded by an alternatively spliced transcript from this same TAF9 locus and shares the first 2 exons with TAFIID 32 at the 5Ј terminus of both mRNAs. However, because translation of TAFIID 32 initiates at an internal ATG codon downstream of the first 2 exons that are shared with hCINAP, with a concomitant shift in the reading frame of TAFIID 32 as compared with the reading frame used by hCINAP, the respective translation products of hCINAP and TAFIID 32 share no common amino acid sequences. Furthermore, alignment of hCINAP and TAFIID 32 protein sequences shows that they are unrelated. This represents an unusual situation where two alternative transcripts from the same gene encode completely distinct protein products and is conserved in mammals but not other vertebrates. We observe that a similar ratio of hCINAP and TAFIID 32 transcripts is expressed in all the human tissues and cell lines tested, consistent with their being coordinately regulated. However, although the lack of sequence relationship does not exclude hCINAP from playing a possible role in some aspect of transcriptional regulation or related mechanisms, at present there is no direct evidence that hCINAP is a transcription factor. We note that in the genome annotation provided by Ensembl the hCINAP transcript is called "transcription factor TAFIID 31 ," reflecting its genetic relationship with the known transcription factor TAFIID 32 . Based on our present data, we suggest that it is premature to assign the function of "transcription factor" to hCINAP. Nonetheless, it is possible that hCINAP could be a transcription factor and still play other roles. For example, several nuclear factors have been shown to play dual roles in transcription and RNA binding or processing, including TFIIIA and WT1 (for review see Ref. 32) . The role of hCINAP as a coilin interaction partner could be consistent with possible connections to either transcription or RNA-processing mechanisms, or both. Thus Cajal bodies play a role as sites of RNA-protein complex maturation and RNP assembly (1) . However, they also contain several transcription factors and have been shown to associate with, and potentially regulate the activity of, specific gene loci, including histones and U snRNA genes (2) (3) (4) . Future studies will address further the potential role of hCINAP in Cajal body assembly and function.
